Aim: BAG-1 is a multifunctional anti-apoptotic gene with four isoforms, and different BAG-1 isoforms have different antiapoptotic functions. In this study, we transfected BAG-1 isoforms into the human breast cancer cell lines Hs578T (ER negative) and MCF-7 (ER positive) to study their effect on apoptosis with or without estrogens. Methods: The constructed recombinant expression vectors carrying individual BAG-1 isoforms was used to transfect human breast cancer cell lines Hs578T (ER negative) and MCF-7 (ER positive). After stable cell lines were made, a variety of apoptosis-inducing agents, including doxorubicin, docetaxel, and 5-FU, was used to treat these cell lines with or without estrogen to test the role of BAG-1. The mechanism by which BAG-1 affected the function of Bcl-2 was exploredby using the cycloheximide chase assay. Results: The BAG-1 p50 and p46 isoforms significantly enhanced the resistance to apoptosis in both cell lines according to flow cytometry analysis. BAG-1 p33 and p29 failed to protect the transfected cells from apoptosis. The cell viability assay showed that only BAG-1 p50, but not p46, p33, or p29, increased estrogen-dependent function in ER-positive cell line MCF-7. Only BAG-1 p50 dramatically increased its anti-apoptotic ability in the presence of estrogen, while estrogen has very little effect on the anti-apoptotic ability of other BAG-1 isoforms. In the detection of the expression of K-ras, Hsp70, cytochrome c, Raf-1, ER-α, and Bcl-2 in MCF-7 cells by Western blot, only Bcl-2 protein expression was significantly increased in MCF-7 cells transfected with BAG-1 p50 and p46, respectively. Furthermore, the cycloheximide chase assay indicated that the degradation of Bcl-2 protein was extended in the BAG-1 p50 and p46 transfected MCF-7 cells. Conclusion: Distinct isoforms of BAG-1 have different anti-apoptotic functions in breast cancer cells, and that the BAG-1 p50 isoform can potentiate the role of estrogen in ER-positive breast cancer.
Introduction
Breast cancer is the most common cancer to affect women. In 2007, it is estimated that about 240,510 new cases of breast cancer were diagnosed in the United States. Estrogen plays an important role in the development of breast cancer. Breast cell growth -both normal and abnormal -is stimulated by the presence of estrogen. Estrogen is mediated by estrogen receptors through estrogen response elements (ERE) and functions as a ligand-dependent transcription factor. Hormonal therapy is a very effective treatment against breast cancer with hormone receptorpositive patients, which blocks the ability of estrogen to turn on and stimulate the growth of breast cancer cells. Therefore, it is very important to identify the factors that influence ER function and understand the roles that estrogen may play in the development of breast cancer.
BAG-1 is a recently identified multifunctional antiapoptotic protein that binds to Bcl-2 [1] and RAF-1 serine/ threonine kinase [2] . BAG-1 cooperates with Bcl-2 to inhibit apoptosis triggered by a variety of apoptotic agents. To date, four isoforms of BAG-1 protein have been reported, each having different anti-apoptotic functions in different cell lines. BAG-1 has been observed to bind to proteins from four different subcellular compartments: cytosolic domains of tyrosine kinase HGF/PDGF receptors on outer cell membranes, Bcl-2 on inner cell membranes, cytosolic Hsps, RAF-1 and nuclear hormone receptors. However, the significance of these associations in regulating apoptosis is poorly understood. The interaction between BAG-1 and Bcl-2 likely plays an essential role in BAG-1-regulated apoptosis, although other BAG-1-interactive proteins may also be important. Recently, studies have also shown that forced expression of BAG-1 in cervical cancer cells leads to increased Bcl-2 production, while downregulation of BAG-1 expression by antisense BAG-1 results in the opposite [3, 4] . BAG-1 potentiates the ability of Bcl-2 to inhibit apoptosis, but the exact mechanism by which BAG-1 co-expresses with Bcl-2 is currently unknown. BAG-1 may affect the function of Bcl-2 by modulating its expression either at the transcriptional or post-translation level. The increased expression of Bcl-2 in cells transfected with BAG-1 suggests that intact BAG-1 function may be required to inhibit Bcl-2 protein degradation. In addition, a retrospective study was recently conducted by using 185 paraffin-embedded breast tumor tissues. The study indicated that a majority (86.0%) of breast cancers over-expressed BAG-1 and that most (85.5%) of those positive for BAG-1 staining were cytoplasmic. Interestingly, statistical analysis indicated that BAG-1 expression was correlated with that of Bcl-2, p53, estrogen receptor (ER) and progesterone receptors [5] . Furthermore, interaction of BAG-1 with estrogen receptor (ER) stimulates the transcriptional activity of ERα and ERβ [6] . It is possible that BAG-1 may affect the development of breast cancer through modulating the function of ER, and therefore it is very important to address the function of BAG-1 on estrogen receptors in breast cancer.
In this study, we used the constructed recombinant expression vectors carrying individual BAG-1 isoforms to transfect human breast cancer cell lines Hs578T (ER negative) and MCF-7 (ER positive). After stable cell lines were made, we used a variety of apoptosis-inducing agents, including doxorubicin, docetaxel, and 5-FU, to treat these cell lines in the presence or absence of estrogen to test the role of BAG-1. Furthermore, we also explored the mechanism by which BAG-1 affected the function of Bcl-2 by using the cycloheximide chase assay.
Materials and methods

Construction of the recombinant plasmids carrying the four BAG-1 isoforms
All the structures of human BAG-1 isoforms have been described, and plasmids containing BAG-1 p50, p46, p33 and p29 were constructed as described previously [3, 7] .
Cell culture and transfection
Human breast cancer cell lines MCF-7 and Hs578T were purchased from Cell Line Service. MCF-7 cells were grown in Minimum Essential Medium (MEM, Gibco), and Hs578T cells were grown in Dulbecco's modified Eagle's medium (DMEM, Gibco) supplemented with penicillin/ streptomycin (180 IU/mL) in 10% (v/v) heat-inactivated fetal calf serum (FCS) and 1% (v/v) L-glutamine. They were incubated in a humidified atmosphere with 5% CO 2 in air at 37 °C. DNA transfection was carried out using the Effectene Transfection Kit (Qiagen) according to the manufacturer's instructions. Briefly, cells (5×10 4 cells/well) were seeded into 6-well plates and incubated at 37 °C in 5% CO 2 overnight. Next day, 0.5 µg of plasmid DNA was mixed with Effectene Transfection Reagent and added onto the cell monolayer. The cells were then further incubated for an additional 48 h. Stable transfectants were selected in selective medium containing 0.6 mg/mL G418 (Gibco BRL) and maintained in the same medium for use.
Cell viability assay
Cells were seeded (5 ×10 3 cells/well) into 96-well plates and incubated for 24 h, and then the cells were treated with 10 pmol/L 17-β estradiol for 24 h. Cell viability was defined as the fold increase of BAG-1 distinct isoform-transfected cells compared with the control cells in the presence of 17-β estradiol by using the CellTiter 96® Aqueous One Solution Reagent assay. Control transfectant was used as the standard. Each experiment was performed in triplicate and repeated at least three times.
To reduce endogenous estrogen-like activity, phenol redfree DMEM medium (Gibco BRL.) supplemented with 5% dextran-coated charcoal-stripped FBS (Hyclone, Logan, UT, USA) (estrogen-deprived medium) was used.
Flow cytometry analysis of apoptotic cells
To determine the effect of distinct isoforms of BAG-1 protein on apoptosis, 1×10 5 cells/well were seeded into 6-well plates and incubated for 24 h, and then the cells were treated with doxorubicin (0.5 μmol/L), docetaxel (0.1 μmol/L), and 5-FU (150 μmol/L) for 48 h. Cells were stained using the Annexin V-FITC Apoptosis Analysis Kit (PharMingen) and subjected to a FACStar Plus flow cytometer (Becton Dickinson) to sort out the Annexin V-FITC stained apoptotic cells. Data was analyzed with WIMDI 2.8 software. The apoptotic cells (M1) were calculated as the percentage of apoptotic cells in the treated cell population minus the percentage of apoptotic cells in the untreated control cell population.
Western blot analysis
Cellular protein extraction and Western blot analyses were performed as previously described [3] . Briefly, 20 µg of protein was fractionated using 10%-12% SDS-PAGE and transferred onto Hybond Enhanced Chemiluminescence (ECL) nitrocellulose membranes under semidry conditions. Immunodetection was performed using the ECL system (Amersham Pharmacia Biotech). Monoclonal antibodies against K-ras, Hsp70, cytochrome c, Raf-1, ER-α, Bcl-2, BAG-1 and β-actin were purchased from Santa Cruz.
Cycloheximide chase assay
To determine the change of Bcl-2 protein stability in BAG-1 transfected cell lines, the cycloheximide chase assay was performed. In brief, 100 µg/mL of cycloheximide (Biomol, Plymouth Meeting, PA) was added to about 60% semi-confluence cells on 100-mm plates for 24 h. An equal number of cells was harvested at various time points. The amount of Bcl-2 at each time point was analyzed by Western blot with an anti-Bcl-2 antibody.
Statistical analysis
For cell flow cytometry, each experiment was performed in triplicate and repeated three times. For the cell viability assay, each experiment was performed in triplicate and repeated at least three times. Data were analyzed using the Student's t-test. A P≤0.05 was considered statistically significant.
Results and discussion
Expression of distinct isoforms of BAG-1 in MCF-7 and Hs578T cells
BAG-1 has four isoforms (p50, p46, p33 and p29), which have distinct N-termini [8] . The largest isoform, p50, contains a nuclear localization sequence in the N-terminal extension and resides in the nucleus, while isoform p46 contains only a small part of the nuclear localization sequence and is found in both the nucleus and cytoplasm. The most abundant isoform is p33 and the smallest isoform is p29, both of which are without any nuclear localization sequence, and are found predominantly in the cytoplasm. Since the four isoforms are generated from a single mRNA transcript [7] , translational regulation is thought to play a major role in the control of their expression. The native BAG-1 mRNA carries four protein translation start codons, and each start codon lacks the perfect Kozak sequence [7] . It has been shown that initiation of the synthesis of the four isoforms of BAG-1 occurs by an alternative mechanism [7] . As previously described [3] , we constructed recombinant plasmids carrying individual BAG-1 cDNA, with each start codon surrounded by a perfect Kozak sequence. We used the human breast cancer cell lines Hs578T (ER negative) and MCF-7 (ER positive), which both express low levels of BAG-1. After stable transfection and colony selection, cellular proteins were extracted to verify the expression of the distinct isoforms of BAG-1 in the transfectants by Western blot. Transfection with the BAG-1 isoforms p50, p46, p33, p29 generated the desired isoforms because of the existence of the perfect Kozak sequence (Figure 1 ).
BAG-1 p50 and p46, but not p33 and p29, inhibit apoptosis in breast cancer cell lines
BAG-1 is known to protect cells from a wide range of apoptotic stimuli [9, 10] . Different BAG-1 isoforms have been reported to have different effects on heat shock protein function [11] and to possess different transcriptional activities [12, 13] . Further studies have indicated that distinct BAG-1 isoforms have different anti-apoptotic functions in human cervical carcinoma cells. BAG-1 p50 and p46 isoforms enhanced the resistance to apoptosis in transfected cells, while BAG-1 p29 failed to protect the transfected cells from apoptosis [3] . It is still unclear whether the overexpression of BAG-1 alone is sufficient to inhibit apoptosis, or whether its anti-apoptotic function requires the presence of Bcl-2, as well as whether the functions of different BAG-1 isoforms in different tissues are different.
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These results indicate that distinct BAG-1 isoforms have different anti-apoptotic functions in breast cancer cell lines MCF-7 and Hs578T. BAG-1 p50 and p46 exhibited a significant degree of anti-apoptotic activity (P<0.05), while BAG-1 p33 and p29 had little effect. These results were very similar to those of our previous studies on a human cervical cancer cell line [3] .
BAG-1 p50, but not p46, p33, and p29, increases MCF-7 cell viability in the presence of estrogen
Estrogens play an important role in development of breast cancer and stimulate the proliferation and survival of breast cancer cells. The action of estrogens is mediated by estrogen receptors (ERs). Adjuvant hormonal therapies such as tamoxifen counter the actions of estrogens and reduce the probability of death and recurrence in those with estrogen receptor positive cancer. BAG-1 is a multifunctional antiapoptotic protein, and our previous studies indicated that BAG-1 expression was correlated with ER in breast cancer tissues [5] . To test the role of estrogen with BAG-1 isoforms, we added 10 pmol/L 17-β estradiol into MCF-7 and Hs578T cell lines transfected with different BAG-1 isoforms, and then performed cell viability assays after 24 h. The results, shown in Figure 2 , indicate that in the presence of estrogen, the cell viability in MCF-7 cells transfected with BAG-1 p50 (3.18 fold), but not with p46 (1.614 fold), p33 (1.085 fold) and p29 (0.9985 fold), was significantly increased compared to the control cells, while there was no significant change in Hs578T cells transfected with distinct BAG-1 isoforms (Figure 3 ). This result indicated that only BAG-1 p50 potentiated the estrogen-dependent signal pathway and enhanced the function of estrogen in the ER-positive cell line MCF-7. Furthermore, to test the role of estrogen with stimuli, MCF-7 cells transfected with different BAG-1 isoforms were treated with chemotherapeutic agents in the presence of 10 pmol/L 17-β estradiol. As shown in Figure 4 , compared with the NEO-transfected control cells, the BAG-1 p50 transfected MCF-7 cells exhibited These results indicate that only BAG-1 p50 can potentiate the role of estrogen in the ER-positive cell line MCF-7, and are similar to findings of other reports that BAG-1 p50 can interact with ER and increase estrogendependent transcription [6] . The different anti-apoptotic function of BAG-1 isoforms may be due to their structural differences. All four BAG-1 isoforms have a common C-terminus, which contains the BAG domain [14] that interacts with Hsp70 [15, 16] , Bcl-2 [17] and hepatocyte growth factor (HGF) receptor [9] . BAG-1 p50 has the complete nuclear localization sequence, whereas BAG-1 p46 has only a partial nuclear localization sequence (NLS), which explains the common and occasional nuclear expression of BAG-1 p50 and BAG-1 p46, respectively. BAG-1 p46 is produced mainly as a cytosolic protein, and BAG-1 p33 and BAG-1 p29 are always produced in the cytosol [7] . The exact mechanism by which BAG-1 participates in antiapoptotic activity is unknown. As described in our previous reports, the differential anti-apoptotic function of different BAG-1 isoforms suggests that the N-terminus of the protein is important for its function. Previous reports have indicated that the N-terminus was important for BAG-1 to bind to hormone receptors [18, 19] , transcription factors such as c-Fos [20] and certain DNA promoters, such as the CMV promoter [21] . There is a hexapeptide repeat region in BAG-1 N-terminus. BAG-1 p50 and p46 share a complete sequence, BAG-1 p33 shares a partial sequence, and p29 lacks this region altogether [22] . Although the function of this hexapeptide repeat region is unclear, it is tempting to speculate that this hexapeptide repeat region is implicated in the antiapoptotic function of BAG-1, since BAG-1 p50 and p46 with the complete hexapeptide repeat have strong anti-apoptotic function. Deletion of this region renders the protein highly unstable [22] . The increased anti-apoptotic ability of BAG-1 p50 in the presence of estrogen in ER-positive cells may be due to the interaction between BAG-1 p50 and ER, given that BAG-1 p50 is the only isoform that directly interacts with ER and potentiates estrogen-dependent transcription [6] .
Increased expression of Bcl-2 in MCF-7 and Hs578T cells transfected with BAG-1 p50 and p46, but not with p33 and p29
To investigate why the overexpression of BAG-1 isoforms lead to the differential resistance to apoptosis induced by different chemotherapeutic agents in transfected cells, we examined the expression of a group of apoptotic regulating proteins-K-ras, Hsp70, cytochrome c, Raf-1, ER-α, and Bcl-2 -in MCF-7 cells stably transfected with the BAG-1 isoforms by Western blot analysis. Compared with the control cells transfected with NEO, transfection with BAG-1 p50 and p46, but not p33 and p29, led to the increased expression of Bcl-2. The expression of all other apoptotic proteins, including K-ras, Hsp70, cytochrome c, Raf-1 and ER-α, remained no significant change ( Figure 5 ). β-actin was used as an internal control for protein quantity in each experiment. Our previous studies demonstrated that the increased expression of Bcl-2 was likely due to decreased Bcl-2 protein degradation, and not to the increased mRNA transcription, since Bcl-2 mRNA remained essentially unchanged after transfection with native BAG-1 and the BAG-1 isoforms compared to the NEO-transfected control cells by Northern blotting [3] . Next, the pulse-chase assay was employed to analyze the effect of BAG-1 isoforms on the translation level Bcl-2 protein and its protein stability. As shown in Figure 6A -B, the stability of Bcl-2 protein in the BAG-1 high expression cell line MDA-MB231, but not in the BAG-1 low expression cell line MCF-7, was extended. Furthermore, the stability of Bcl-2 in MCF-7 cells transfected with BAG-1 p50 and p46, but not p33, p29 and the NEO control, was increased. The results indicated that the BAG-1 p50 and p46 isoforms affected Bcl-2 protein stability and increased the level of Bcl-2 protein ( Figure 6C ).
Except for Bcl-2, transfection of BAG-1 does not change the expression of its related proteins, such as Hsp70, K-ras, cytochrome c, ER-α, and Raf-1. Bcl-2 protein expression was increased in cells transfected with BAG-1 p50 and p46, but not p33 and p29 or NEO, which is consistent with our previous data. Since our previous study showed that the expression of Bcl-2 mRNA did not change after transfection with BAG-1, we proposed that the forced expression of certain BAG-1 isoforms might be decreased by Bcl-2 protein degradation. In this study, the protein stability of Bcl-2 in MCF-7 cells transfected with BAG-1 p50 and p46, but not p33, p29 and the Neo control, was confirmed to be increased by the pulse-chase assay. All BAG-1 isoforms share a common C-terminus that binds to Hsp, Bcl-2 and the proteasome. The increased expression of Bcl-2 in cells transfected with BAG-1 p50 and p46, but not BAG-1 p33 and p29, suggests that intact BAG-1 function is required for the inhibition of Bcl-2 protein degradation mediated by BAG-1. BAG-1 has been reported to cooperate with Bcl-2 to inhibit apoptosis [1] . In summary, our data demonstrate that distinct BAG-1 isoforms have different anti-apoptotic functions in breast cancer cell lines and that the BAG-1 p50 and p46 isoforms enhance resistance to apoptosis. BAG-1 p50 is the only isoform that can potentiate estrogen-dependent ER function. The anti-apoptotic function of BAG-1 isoforms may be correlated to increased Bcl-2 expression, which may be mediated through decreased Bcl-2 protein degradation.
